Background. The natural course of native kidneys after renal transplantation (RT) or dialysis in patients with autosomal dominant polycystic kidney disease (ADPKD) remains poorly understood. Methods. We measured the total volumes of native kidneys and liver in 78 and 68 ADPKD patients, respectively, who had pretransplant (within 2 years) and at least one post-transplant computed tomography (CT)/magnetic resonance imaging (MRI); in 40 patients with at least two post-transplant but no pre-transplant CT/MRIs; in 9 patients on chronic hemodialysis with at least one CT/MRI before and after beginning dialysis; and in 5 patients who had no image before and more than one image after dialysis. The last imaging was used in patients with multiple studies. Results. Mean total kidney volume (TKV) ( ± SD) prior to transplantation was 3187 ± 1779 mL in the 78 patients who had imaging before and after transplantation and decreased by 20.2, 28.6, 38.3 and 45.8% after 0.5-1 (mean 0.7), 1-3 (1.8), 3-10 (5.7) and >10 (12.6) years, respectively. In the multivariable analysis, time on dialysis prior to RT and time from baseline to transplantation were negatively associated with reduction in TKV, whereas estimated glomerular filtration rate (eGFR) after transplantation and time from transplantation were positively associated with percent reduction in TKV. In the 40 patients with imaging only after transplantation, TKV decreased by 3.2 ± 16.3% between 7.2 ± 6.0 and 11.2 ± 6.8 years after transplantation (P < 0.001). TKV was 11.2 ± 35.6% higher (P = NS) after a follow-up of 3.4 ± 2.0 years in the 9 patients with imaging before and after initiation of hemodialysis and
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I N T R O D U C T I O N
Nephromegaly in patients with autosomal dominant polycystic kidney disease (ADPKD) predisposes to abdominal discomfort, chronic pain, hematuria, nephrolithiasis and cyst infections [1, 2] . Cyst progression continues in some patients [3, 4] even when the patients start dialysis, but the natural course of polycystic kidneys after dialysis is not well described. Nephromegaly in patients with ADPKD also poses clinical issues following renal transplantation (RT). Clinicians treating symptomatic patients, especially those undergoing RT, must consider whether surgical removal of the native polycystic kidneys is indicated. However, indications and timing of native nephrectomy in patients with ADPKD undergoing RT are controversial and are associated with considerable morbidity and even mortality [5] [6] [7] . Decision-making is more difficult because the natural course of native polycystic kidneys and liver after RT is not well known. Very few studies have examined this question [8] [9] [10] . This study was designed to determine the natural course of native polycystic kidneys and liver after RT and to identify factors associated with volume changes of these organs.
M AT E R I A L S A N D M E T H O D S

Study design
This is a retrospective analysis to determine the volume change of native polycystic kidneys and the liver after RT using a review of medical records and clinical imaging studies. Eligible patients had received a diagnosis of ADPKD [2, 11] . The study was approved by the Mayo Clinic Institutional Review Board.
Study participants
The Mayo Clinic Translational PKD Center (MTPC) clinical imaging database was used to identify patients meeting the diagnosis of ADPKD and availability of at least two abdominal computed tomography (CT) or magnetic resonance imaging (MRI) scans with complete coverage of both the kidneys and the liver. Patients who had at least two imaging studies were divided into four groups: those who (i) had pre-transplant and at least one post-transplant renal imaging, (ii) had at least two post-transplant but no pre-transplant imaging, (iii) had predialysis and at least one post-dialysis imaging and (iv) had at least two post-initiation of dialysis but no pre-dialysis imaging. Patients who underwent pre-or concurrent transplant (or predialysis) unilateral/bilateral nephrectomy (n = 74), who had major cyst or renal hemorrhage or a renal cyst infection or abscess (n = 1), who had <15 mL/min of estimated glomerular filtration rate (eGFR) at the time of last imaging (n = 3) and who underwent second RT (n = 9) were excluded. Liver volumes were measured in the group who had pre-and at least one posttransplant liver images. None of these patients had a liver resection or cyst fenestration. Pre-transplant and pre-dialysis images were obtained <24 months before transplantation or initiation of dialysis. Laboratory results within 3 months before and after the date of imaging were collected. Glomerular filtration rate (GFR) was estimated (eGFR) by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation. A conversion factor was used for serum creatinine values of Mayo Clinic patients obtained before 18 October 2006 when the method to measure serum creatinine was changed to isotope dilution mass spectroscopy traceable [12] .
Evaluation of CT and MRI and total kidney volume measurements All Digital Imaging and Communications files from CT and MRI were retrieved and inspected to confirm complete coverage of both the kidneys and image quality. Total kidney volume (TKV) was evaluated by a single investigator (Y.J.) without knowledge of the subject's end-stage renal disease status [defined by initiation of dialysis or kidney transplant (KT)] and was determined from axial/coronal CT or MRI using Analyze software (Analyze 12.0, Biomedical Imaging Resource, Mayo Clinic, Rochester, MN). The changes in native kidney and liver volumes from baseline (within 2 weeks after transplantation and within 2 years before transplantation) to post-transplant values were determined. We used CT and MRI indistinctly as we have shown a strong correlation between the two methods (R² = 0.9998) with a mean % difference in TKV of 0.29 ± 1.68 [13] .
Statistical analyses
Multivariate analysis was used to identify factors associated with changes in TKV. We included the first and the last imaging in patients with multiple follow-up studies in the multivariate analysis and to identify the slope of volume change of each group. The analysis of variance was used. The t-test was used to confirm the significance of differences between baseline and post-transplant values. Data are presented as means ± SD. All statistical analyses were conducted using SAS software, version 10.0 (SAS Institute, Inc., Cary, NC).
R E S U LT S
A total of 132 patients were included in the study, 118 recipients of a renal allograft and 14 patients treated with chronic hemodialysis. One hundred and eighteen of 454 patients with ADPKD transplanted at the Mayo Clinic between 1980 and 2013 met the criteria for the study. We measured TKV in 78 ADPKD patients who had pre-and at least one post-transplant renal CT or MRI and in 40 patients who had at least two posttransplant but no pre-transplant CT or MRI. TKV was also measured in nine patients on chronic hemodialysis who had pre-and at least one post-dialysis CT or MRI and in five patients who had no image before and more than one image after dialysis. The flow chart of the study enrollment is provided in Figure 1 .
Genetic testing had been performed in 42 of 132 patients enrolled in the study who had had genetic testing. Of these, 39 had PKD1 and 3 had PKD2 mutations. Of the 28 patients who had pre-and at least one post-transplant renal CT or MRI, all but one had PKD1 mutations.
Clinical characteristics for the patients with pre-and posttransplant imaging are shown in Table 1 . The mean age (±SD) of the patients at baseline was 54.0 ± 10.1 years, and 51.3% were male; 69.2% underwent preemptive transplantation, and mean dialysis duration in the remaining patients was 8.4 ± 22.0 years; 71.8% received a kidney from a living donor, and 28.2% received a kidney from a deceased donor; 80.8, 7.7 and 11.5% of the patients were treated with tacrolimus-, cyclosporine-or sirolimus-based immunosuppressive protocols, respectively.
The interval between the pre-transplant image and RT was 6.9 ± 6.6 (range 0.6-23.5) months. The eGFR at the time of RT in the preemptive KT recipients was 7.9 ± 3.1 (interquartile range 6.5-9.5) mL/min1.73 m 2 . TKV prior to transplantation in the 78 patients who had imaging before and after transplantation was 3187 ± 1779 mL and decreased by 20.2, 28.6, 38.3 and 45.8% after 0.5-1 (mean 0.7), 1-3 (1.8), 3-10 (5.7) and >10 (12.6) years, respectively (Table 2 , Figures 2A and 3 ). In the patients with the longest follow-up of 12.6 years, TKV was 2423 ± 1243 mL at baseline and 1348 ± 1097 mL at the time of the latest imaging ( Table 2 ). The reductions in TKV at 1-3 years after transplantation were 31.7 ± 18.4% in the patients with preemptive KTs and 19.5 ± 20.5% in the patients with non-preemptive KTs, both statistically significant (P < 0.05).
A multivariable model was employed to identify factors associated with changes in TKV including gender, age at transplantation, time on dialysis prior to transplantation, time from transplantation to post-transplant imaging, interval between pre-transplant imaging and transplantation, eGFR and diagnosis of hypertension or diabetes mellitus at last imaging and immunosuppressive program (calcineurin, n = 69, versus mTOR, n = 9, inhibitors). In the multivariable analysis, time on dialysis prior to RT and time from baseline image to transplantation were negatively associated with percent reduction in TKV. Estimated GFRs after transplantation and time from transplantation to last follow-up image were positively associated with percent reduction in TKV (Table 3) .
In the 40 patients who only had imaging after transplantation, TKV decreased by 3.2 ± 16.3% (P < 0.001) between 7.2 ± 6.0 and 11.2 ± 6.8 years ( Figure 2B) , consistent with the continuous reduction in TKV over time noted above.
In the 9 ADPKD patients on maintenance hemodialysis who had pre-and at least one post-dialysis image, TKV was 11.2 ± 35.6% higher after a mean follow-up of 3.4 ± 2.0 years, but this change was not statistically significant ( Figure 2C solid line, F I G U R E 1 : Flow chart of the study enrollment. Figure 4 ). In the 5 patients who only had imaging after dialysis, TKV decreased by 3.4 ± 40.2% between 2.0 ± 2.1 and 3.5 ± 3.6 years, but this change was not statistically significant ( Figure 2C dash line). Liver volume changes were measured in 68 of the 78 patients who had imaging before and after transplantation. The other 10 patients had MRI images that did not cover the whole liver. Sixty-one of the 68 patients (90%) had polycystic liver disease. Liver volume increased by 5.8 ± 17.9% from 2411 ± 1408 mL at baseline (at −0.5 ± 0.5 year) to 2511 ± 1455 mL after 3.7 ± 3.8 years of follow-up (P = 0.009, Figure 5A ). No significant correlation was detected in these patients between the changes in liver volume and TKV. Multivariable analysis showed no factors associated with the change in liver volume applying the same variables used in TKV analysis.
In the six ADPKD patients on maintenance hemodialysis with complete liver coverage, liver volume was 3.0 ± 16.1% higher after a mean follow-up of 3.2 ± 2.2 years, but this change was not statistically significant ( Figure 5B ).
D I S C U S S I O N
Continuous kidney enlargement in patients with ADPKD is associated with a decline in renal function [14] . After kidney transplantation, the volume of the native polycystic kidneys has been shown to decrease, but there is little information on the time course of and the factors influencing this reduction [8] [9] [10] . In our patients, TKV decreased at a relatively fast rate during the first year after transplantation (by 20.2% after 0.7 year) and continued to decrease at a slower rate thereafter (by 38.3% after 5.7 years and by 45.8% after 12.6 years). A small but significant reduction in kidney volume (by 3.2%) was also observed in the patients who only had imaging studies available years (7.2 ± 6.0) after transplantation. Thus, the decrease in TKV occurs at a fast rate during the first year after transplantation and continues at a slower rate thereafter.
It is not clear which factors after transplantation influence the decrease in TKV. In the present analysis, time from baseline to transplantation and time on dialysis prior to RT were negatively associated with the percent reduction in TKV. Time from transplantation to last follow-up image and eGFR after transplantation were positively associated with the percent reduction in TKV. The impact of time from baseline to transplantation and time from transplantation to last follow-up likely reflect uncaptured continued kidney growth prior to transplantation (with seemingly less reduction in TKV after transplantation) and a longer period of time allowing for greater reduction in TKV after transplantation. Possibly, the rate of increase in TKV in patients with ADPKD accelerates after initiation of dialysis due to the added effect of acquired renal cystic disease associated with uremia. This could account for the negative association between time on dialysis prior to RT and the percent reduction in TKV after transplantation. Similarly, the greater reduction in TKV in the patients with better renal function after transplant may be due to more efficient elimination of effects of uremia on proliferation of the tubular epithelium, greater reduction of blood flow to the native kidneys, and progressive fibrosis. Studies measuring renal blood flow using magnetic resonance may better define its role in the reduction of TKV in the future. It is not likely that immunosuppression played a major role in the reduction of TKV since patients with reduced allograft function tend to be more immunosuppressed than those with good allograft function and the administration of cyclosporine (the main immunosuppressive agent in our patients) has been associated with the development of renal cysts [15] .
A prior study by Yamamoto et al. showed that the native kidney volume decreased by more than 30% during the first year post-transplantation, with little change thereafter over 4 years [10] . In our study, time from transplantation was associated with a greater reduction in kidney volume, but as in the previous study, the reduction rate was greater during 
O R I G I N A L A R T I C L E
P K D v o l u m e c h a n g e s a f t e r t r a n s p l a n t a t i o n the first year. In two small studies, a reduction in kidney volume was reported in KT patients with ADPKD who were given mTOR inhibitors as immunosuppressive agents [9, 16] . We found no difference in the change of TKV between mammalian target of rapamycin (mTOR) inhibitor and calcineurin inhibitor-treated patients in this study, but the small number of patients treated with rapamycin makes this result inconclusive.
Conflicting results on changes in kidney volume in dialysis patients with ADPKD have been reported in a few studies [4, 8, 17] . One group reported that the majority of hemodialysis patients with ADPKD showed initial rapid reduction in TKV followed by a slow increase in the TKV. TKV in the nine ADPKD patients on maintenance hemodialysis in our study showed a tendency for increasing volume after a short followup, 3.4 ± 2.0 years. Among the five patients having at least two post-dialysis but no pre-dialysis imaging, three patients had an increase in TKV, while the other two had a decrease in TKV after 3.5 ± 3.6 years of follow-up. Prospective studies of the changes of polycystic kidneys after dialysis and a comparative F I G U R E 4 : Kidney images of ADPKD before and after initiation of dialysis. (A) Serial CT images; TKVs were 4567, 8939 and 8513 mL before andstudy with the kidney volume changes after transplantation will aid in identifying the factors influencing the decrease in the TKV.
One of the most common extrarenal manifestations of ADPKD is hepatic cysts with an overall prevalence of 83% [18] . The natural course of polycystic liver disease is continued cystic growth. The rates of increase in liver volume of placebotreated patients in clinical trials for polycystic liver disease have been 0.9-1.6% in 6-12 months [19, 20] . The rate of increase in liver volume in patients with ADPKD after RT in two small studies was about 8.6-21.4% in 12-36 months [9, 10] . However, the rate of increase in liver volume was only 5.8% for a mean follow-up of 3.7 ± 3.8 years in this study. No factors including administration of an mTOR inhibitor were associated with change in liver volume.
Decision-making on whether and when native nephrectomy should be performed in patients with ADPKD undergoing RT requires thoughtful consideration of risks and benefits [5] [6] [7] . Native nephrectomy in ADPKD is associated with significant morbidity and mortality. Hand-assisted laparoscopic nephrectomy has a lower risk, but is not always feasible [21, 22] . Furthermore, bilateral nephrectomy commits patients to dialysis while recovering from the surgery or awaiting transplant. Therefore, routine nephrectomy prior to transplantation is no longer recommended, and on average, less than one-third of patients in published series undergo pre-transplant nephrectomies [5, [23] [24] [25] . Indications include insufficient space for insertion of a kidney graft, intractable pain, recurrent and/or severe infection, recurrent and/or severe bleeding, symptomatic nephrolithiasis and suspicion of renal cancer. The results of our study along with those of the study by Yamamoto et al. [10] indicate that decisions for or against nephrectomy should take into account that native kidney volume declines after transplantation.
The volume of native polycystic kidneys decreases substantially after RT. The reduction rate is relatively fast in the early posttransplantation period but slows considerably thereafter. Shorter duration of dialysis prior to transplantation and higher GFR in the transplanted kidney are associated with greater reduction.
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